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Abstract
The advantages of simultaneously detecting multiple wavelengths in ultracentrifugation experiments are obvious, especially for interacting systems. In addition, the detection of the wavelength dependence of turbidity opens up the possibility to obtain independent information on the particle size in addition to the usual sedimentation coefficient distribution for colloidal systems. We therefore made an effort to develop a fast UV/Vis detector, which is able to simultaneously detect the range from 200-800 nm. This is possible by the use of a modern CCD chip based generation of UV-Vis spectrometers, which translates the dispersed white light onto a CCD chip, where each pixel corresponds to a particular wavelength. In addition to the simultaneous detection of a large number of wavelengths in the range 200-800 nm, also with non integer values, these spectrometers are very fast. Current typical spectrum scan times with the necessary scan quality in the ultracentrifuge are in the range of 100 ms but this time can be significantly shortened down to 3 ms for higher light intensities and even down to 10 µs for a new generation of CCD chip based spectrometers.
The introduction of a fiber based UV-Vis optics into a preparative XL-80K ultracentrifuge with the associated hardware developments will be described as a first generation prototype. In this study, we use a wavelength dependent optical lens system instead of the necessary but more complex wavelength independent mirror optical system for a first check on possibilities and limitations of the optical system. First examples for biopolymers and latexes will be presented and compared to those obtained in the commercial XL-A ultracentrifuge. Already the fast detection enables completely new possibilities like the determination of a particle size distribution in a few minutes. Multiwavelength detection at constant position in dependence of time will be demonstrated, which is an important mode for the use of speed profiles for very polydisperse samples. Also, the use of radial multiwavelength scans will be demonstrated producing a three dimensional data space for monitoring the sedimentation via radial scans with multiwavelength detection. However, despite the advantages, the current problems with the detector will also be discussed including the main problem that much intensity is lost in the important UV range as a result of fiber coupling and bending.
Introduction
The development of optical detection systems for ultracentrifuges is as old as Analytical Ultracentrifugation itself and dates back to the development of Analytical Ultracentrifugation [1] . The classical detection systems are UVVis absorption optics, Rayleigh Interference optics and Schlieren optics as discussed in detail in the classical book of Lloyd [2] . Furthermore, fluorescence optics was developed for the platform of the Beckman Model E [3] and more recently for the platform of the Beckman XL-I ultracentrifuge [4, 5] . In addition, turbidity optics was developed for the characterization of particle size distributions of colloidal particles [6] [7] [8] [9] . Despite some progress on the detector or illumination part of the optical systems concerning the transformation of photographic detection to CCD chip detection for Schlieren and Interference optics or the use of laser light sources [10] [11] [12] [13] [14] [15] [16] [17] [18] (for further references see also the references for multiplexer systems) and photomultiplier detection for the UV-Vis [19] and fluorescence optics [3, 4] , the classical optical systems remained essentially unchanged for decades. Exceptions are the Flossdorf optics [20] , which significantly increased the detected intensity for UV-Vis optical systems and the ultrasensitive Schlieren optics [21] .
However, the demands of Analytical Ultracentrifugation have greatly improved with the advent of cheap and powerful computer resources. The most obvious change is the speed of data acquisition and the amount of experimental data becoming available from computer based detectors, which has found its commercial expression in the launch of the Beckman XL-I ultracentrifuge in the 90s of last century [19] . This has in turn catalyzed many methodic advances, which enable analyses with an accuracy not being even imaginable a decade ago [22] [23] [24] [25] [26] . However, it must clearly be stated that the development on the data evaluation side is by magnitudes more significant than the hardware development -especially that of optical detection systems for the Analytical Ultracentrifuge (AUC). This is understandable as hardware development is by factors slower than software development due to the delivery and workshop manufacturing waiting times. Nevertheless, there is an urgent need for improved multi detector development for the AUC [27], not only concerning detection speed but also detection capabilities. Examples for the benefit of multi detector use are manifold. They include determination of extinction coefficients [28] , even in complicated mixtures [29] but also the possibility of global analysis by evaluation of multiple experiments [30] [31] [32] as well as increased experimental information from a single experiment with multiple species and different chromophores by multiwavelength analysis. The detection of multiple wavelengths from UV-Vis absorption optics proved especially useful for the analysis of biopolymers from sedimentation equilibrium [33] or sedimentation velocity [34] , although in the reported cases, the analysis was restricted to the three possible scanning wavelengths of the XL-I AUC under addition of information from the interference optical system. Thus, the potential benefit of multiwavelength analyses of hundreds of wavelengths is obvious not only for interaction analyses of complicated interacting polymer mixtures but also for colloidal systems as the wavelength dependence of the turbidity of colloidal samples contains information about their particle size according to the MIE scattering theory [35] [36] [37] [38] . With the advent of global analysis approaches involving AUC data, multiwavelength analysis will become an especially important technique for all light absorbing samples of colloidal or polymeric nature.
Parallel to the above developments in AUC methodology, there was also a significant development in the UVVis spectrometer technology. Modern UV-Vis spectrometers can use simple CCD line arrays for the simultaneous detection of a large number of wavelengths, which is essentially only limited by the CCD array pixel number as well as the quality of the applied diffraction grating for the dispersion of the incoming white light. These spectrometers do not only allow for the simultaneous detection of the entire UV-Vis wavelength range, but are furthermore very fast and cheap. Commonly available spectrometers like the USB2000 by Ocean Optics allow for scanning times of down to 3 ms for an entire UV-Vis spectrum [39] . More recent instruments like the Ocean Optics HR4000 [40] or the series of CCD and ICCD based spectrometers available from are magnitudes faster and can scan UV-Vis spectra as fast as 10 µs. The cooled spectrometers give a quite broad linear dynamic range with the advantage of working with low dark current due to cooling [41] . However, although these fast and powerful UV-Vis detectors are available, they were not yet applied as detectors for AUC's. One of the reasons is that these detectors are based on fiber optics and also operate with incoming white light. White light with wavelength dependent refractive indices makes the precise use of a refractive optics impossibleat least in the UV range, where the conventional achromat lenses cannot be applied or vice versa in the visible range if an expensive UV achromat lens system is applied. This is only one obstacle, with no parallel in previous AUC optics, which always operates with monochromatic light -or in case of the XL-A AUC with a torroidally curved diffraction grating producing monochromatic light. This means that in AUC history, the challenge of a multiwavelength optics has not been undertaken despite the potential benefits. This was the starting point for the cooperation between the Max-Planck Institute of Colloids and Interfaces and the polymer physics department of BASF R&D. This study presents the first results from this cooperation aiming to improve the AUC capabilities by the development of new detection systems. We have on purpose started with the use of conventional wavelength dependent refractive index based lens optics as:
